ures 2A and 2B), and cerebellum (data not shown). The lack of nuclei was observed in the inferior olivary nucleus ( Figures 1I and 1J ), facial nerve nucleus (Figures 2F and 2G), and in many other nerve nuclei such as the basilar pontine nucleus, mesencephalic trigeminal nucleus, and trochlear nucleus (data not shown). These results suggest that KIF2A is involved in the lamination and organization of nerve nuclei during brain development.
Migratory Defects in kif2a
Ϫ/Ϫ Mouse Brain To investigate the cause of the kif2a Ϫ/Ϫ brain abnormalities, we analyzed neuronal migration, since such abnormalities are often related to migratory defects (reviewed by Hatten, 2002). In the cerebral cortex, we performed birth-dating analysis (Takahashi et al., 1992) by labeling E14-born cortical neurons with bromodeoxyuridin (BrdU) and analyzing their distribution at P0. As shown in Figure 2C , E14-born cells in the kif2a ϩ/ϩ brain finished migration at P0 and formed a tightly packed layer near the cortical surface ( Figure 2C ). In contrast, E14-born cells remained behind in the kif2a Ϫ/Ϫ brain (Figures 2D and 2E) suggesting a migratory defect of cortical granular neurons in kif2a Ϫ/Ϫ mice. We next performed quantitative analysis of the migration ratio of facial nerve cells (Terashima et al., 1993) . We retrogradely traced their cell bodies using the DiI labeling method (Takei et al., 1995). When a small DiI crystal was applied to a peripheral facial nerve, neuronal processes and their cell bodies could be labeled and monitored for considerable distances due to diffusion of the dye along plasma membranes. In the kif2a ϩ/ϩ brain, facial nerve cells completed migration and formed rounded nuclei at P0 (broken-line ellipse in Figure 2H ). In contrast, kif2a Ϫ/Ϫ cells that could not be identified at a low magnification ( Figure 2G ) were scattered in the course of migration ( Figures 2I and 2K ). Statistical analysis of the migration ratio showed a migratory delay in the kif2a Ϫ/Ϫ brain ( Figure 2M ). These results showed that KIF2A deficiency caused neuronal migratory defects resulting in laminary defects and mislocalization of nerve nuclei in the brain.
More detailed observations of DiI-labeled facial nerve shown in Figure 3F , a kif2a Ϫ/Ϫ neuron extended more collateral branches along the primary axon (white arrow- heads in Figure 3F ) than a kif2a ϩ/ϩ neuron ( Figure 3D) .
Abnormal Axonal Collateral Branching
Absence of KIF2A Affects the Length of Collateral Branches but Not the Number of Branches Next we traced an axon and its collateral branches from their cell body using NeuronTracer software (Figures 3E
We next examined how KIF2A is involved in abnormal branching. There are at least three possibilities: KIF2A and 3G) and found that horizontal neurites in the SP area of a kif2a ϩ/ϩ neuron (empty arrowheads in Figure  could be involved in the generation of collateral growth cones, in the elongation of preexisting but unextended 3D) did not originate from the chosen neuron. The average number of collateral branches per 100 m long axon collateral growth cones, or in both. To test these possibilities, we prepared low-density primary cultures of hipof kif2a Ϫ/Ϫ neurons (means Ϯ SD) was almost four times (1.65 Ϯ 0.06, n ϭ 9) greater than that of kif2a ϩ/ϩ neurons pocampal neurons (Goslin and Banker, 1998). Two days after plating, neurons were fixed and labeled with an (0.38 Ϯ 0.13, n ϭ 10). The same phenotype was observed in hippocampal pyramidal neurons in the CA1 region anti-tubulin antibody and FITC-conjugated phalloidin. In Figure 4A , a kif2a ϩ/ϩ neuron is at stage 3 and predomi- (Figures 3J and 3I ). nantly extends a single primary axon (large arrowhead in Figure 4A ). Several collateral growth cones were observed along the primary axon (small arrows in Figure  4A ). However, kif2a Ϫ/Ϫ neurons developed aberrantly elongated collateral branches, which rebranched into tertiary and quaternary branches (small arrows in Figure  4B ). Statistical analysis showed that among hippocampal neurons at stage 3, more than 70% of kif2a Ϫ/Ϫ neurons showed an abnormal architecture, defined as having tertiary branches of more than 20 m long (kif2a ϩ/ϩ ϭ 10.2 Ϯ 3.4%; Figure 4C , kif2a Ϫ/Ϫ ϭ 71.8 Ϯ 5.5%; Figure  4D , n ϭ 120). The abnormal architecture was consistent with the phenotype observed in vivo ( Figure 3J ) and it was rescued when exogenous KIF2A was transfected to kif2a Ϫ/Ϫ neurons (rkif2a Ϫ/Ϫ ϭ 12.2 Ϯ 2.8%, Figure 4E , n ϭ 120). Other morphological parameters were also compared. The average length of the collaterals of kif2a Ϫ/Ϫ neurons was longer than that of kif2a ϩ/ϩ neurons ( Figure 
kif2a
Ϫ/Ϫ Cultured Neurons Lose Suppression of Collateral Branches Next we performed time-lapse analysis using cultured hippocampal pyramidal neurons to observe chronological changes of arborization pattern. The neurons were infected with recombinant adenovirus expressing GFPtubulin to visualize neurites in detail (Nakata et al., 1998). Prior to collecting data, we confirmed that there was no significant effect of adenovirus infection on the development of neurons derived from kif2a ϩ/ϩ and kif2a Ϫ/Ϫ mice (data not shown).
In kif2a ϩ/ϩ neurons, elongation of collaterals was basically suppressed (arrows 1 and 2 in Figure 5A ), and elongated collaterals (arrows 3 and 4 in Figure 5A , 41 hr to 53 hr) and trailing processes (arrow 6 in Figure 5A , 65 hr to 77 hr) actively shrunk. On the other hand, the cultured kif2a Ϫ/Ϫ neurons continued extending axonal collateral branches once they were generated (broken arrows in Figure 5B ). Active shrinkage of collaterals and trailing processes was not observed as frequently as in Figure 6F ) are transported from the cent to growth cones were consistently photobleached (a large broken-line box in Figure 6B ). Electron microsaxon to growth cones. Since fluorescent tubulin dimers (green dots in Figure 6F ) derived from depolymerized copy confirmed no cytoskeletal damage by photobleaching (compare Figure 6D with Figure 6C ). The loss MTs in growth cones are diffusible, their concentration will rapidly reach equilibrium between the bleached of fluorescence in growth cone areas was monitored (a growth cones (blue line in Figure 6G ) was less than that in kif2a ϩ/ϩ growth cones (red line in Figure 6G ). This tendency was confirmed for all the time points of measurements by Man-Whitney's test (p Ͻ 0.03), suggesting that MT-depolymerizing activity in kif2a Ϫ/Ϫ growth cones was lower than that in kif2a ϩ/ϩ growth cones. As controls, we prepared nocodazol-treated, taxol-treated, and fixed samples. The nocodazol-treated samples showed rapid decrease in fluorescence intensity (green line in Figure  6G ) since MTs had been depolymerized. The taxol-treated samples with stabilized MTs showed a slower decrease in fluorescence intensity than the nontreated neurons (black line in Figure 6G ) in a dose-dependent manner (data not shown). Fixed samples, in which both polymerized and free tubulin dimers were immobilized, displayed only a slight decrease in fluorescence intensity (pink line in Figure  6G) , showing that there was a slight loss of background fluorescence in the experiment. These results indicate that the decrease in fluorescence intensity reflects MT-depolymerizing activity in growth cones.
Overextension of MTs at the Edge of kif2a
Ϫ/Ϫ Glial Cells Using FLIP, we measured the fluorescence intensity of MT polymer and free tubulin as a whole. Next we wanted to compare more specifically the dynamics of the MT polymer. However, we found that it was difficult to ob- In this study, we investigated the role of KIF2A in vivo, particularly in axonal growth during brain development. lost in growth cone areas will reflect the MT-depolymerizing rate in growth cones.
We analyzed the brain abnormalities in kif2a Ϫ/Ϫ mice and observed that kif2a Ϫ/Ϫ neurons overextended their As shown in Figure 6G , fluorescence decay in kif2a Ϫ/Ϫ collateral branches. Our focus on the mechanism led to the main conclusion that murine KIF2A depolymerizes MTs and may suppress outgrowth of collaterals by regulating the dynamics of MT tips at the growth cone membrane. Our findings indicate a role for M-kinesins in neuronal development and elucidate a mechanism of growth cone regulation important to axonal growth.
KIF2A Depolymerizes MTs and Regulates Individual MT Dynamics at the Growth Cone Edge
For clarification of KIF2A function in neurite extension, we reported here that recombinant murine KIF2A showed an MT-depolymerizing activity in vitro ( Figure  6A ) and in growth cones of cultured neurons ( Figure  6G ). Near plasma membranes, individual MT tips tended to overextend in kif2a Ϫ/Ϫ glial cells ( Figure 6K ) whereas Figure 1A ). This replacement was designed to induce a Time-lapse images were obtained every 2 hr for 5 days using confocal laser scanning microscope (Biorad MRC-1024, Biorad Laboraframe shift and also to disrupt KIF2A␤, which is a splicing isoform tories) on an Axiovert100 equipped with a Kr/Ar laser (Zeiss) and a age." Likewise, "MTs not growing" are at rest and shrinkage and "MTs not shrinking" show growth and at rest. 40ϫ water immersion lens (Zeiss).
